This paper presents the hydro-thermo-mechanical analysis of reinforced concrete structures applicable to engineering practice. The analysis consists of two steps. Firstly, multiscale moisture and heat transport analyses are carried out, accounting for generated heat and moisture consumption due to concrete hydration. Moisture and temperature fields at all material points are computed. Secondly, these results are imported to a mechanical problem in the form of a staggered solution. The whole model has been implemented in the ATENA software, covering creep and damage effects. The validation shows good crack-width predictions during early age of concrete hardening, taking into account autogeneous shrinkage and creep effects.
Introduction
Early-age concrete shrinkage accompanied with cracking presents a serious threat to concrete durability [1] . In order to prevent early-age cracking, various precautions have been already proposed and implemented into guidelines and codes [2] . The situation complicates, when dealing with unique structures with a lack of former experience. In such particular case, computer modelling and virtual testing may bring answers to optimal setup in terms of concrete composition, curing, insulation, cooling etc. This paper presents a coupled approach for hydro-thermo-mechanical analysis of hydrating concrete structures, taking into account hydration heat, concrete composition, reinforcement and creep.
A large number of models have been already published to account for hydration heat with a transition to creep and shrinkage of reinforced concrete structures [3] , [4] , [5] , [6] . As creep and shrinkage depends strongly on moisture and temperature, heat and moisture transport analyses are essential parts of the mechanical creep analyses. Heat/moisture transport analysis was presented and validated in a previous paper [7] . Here, the extension to mechanical part is proposed and validated.
The hydro-thermo-mechanical model implemented in ATENA software [8] is now suited for material and structural engineers. A sensitive concrete composition with its individual constituents is treated in a big detail. The reason lies in a variety of concrete composition concerning cement content, aggregate type, fillers, all of them having effects on released heat during hydration, thermal conductivity and capacity. The sensitivity to concrete composition is supported by results from international benchmark for control of cracking in R/C structures taking place in the year 2010 and known as the ConCrack. There were 18 participating teams competing in the modelling of two reinforced beams using various software and approaches. The blind stage revealed that maximum concrete core temperature in RG8 experiment was predicted between 48-65 o C against measured 55 o C. None of competing teams reproduced correctly a dormant period and hydration kinetics strongly deviated. Results from the mechanical part revealed rather poor performance of mechanical models and/or inappropriate assumptions in boundary conditions.
Heat and moisture transport analyses
Heat and moisture transport analysis is the first part of the full hydro-thermomechanical solution presented in this paper and its objective is to calculate heat and moisture fields (at each material point of the structure). These are automatically transferred into the subsequent mechanical analysis and used for:
• Accuracy improvement of creep prediction models (in the case of long-term analysis).
• Calculation for temperature related loads, such as thermal expansion and contraction.
• Inclusion of the effect of elevated temperature over 100 o C on the material behaviour under fire, such as spalling. The models used for heat/moisture analysis are described in the next respective sections.
Heat transport
Fourier law is used to calculate heat transport in the structure. The corresponding governing equation reads
where Q is the total amount of heat accumulated in a unit volume, [J/m 3 ]. Q can be 
Hydration heat
The analysis is based on the calibrated affinity hydration model [7] . It accounts for all stages of cement hydration and calculates the rate of degree of hydra-
The model utilizes chemical affinity ( ) 
where R is gas constant 
where cement C is cement capacity at time zero [9] .
Heat conductivity
The thermal conductivity of concrete is calculated via homogenization principles. 
The chain approach delivers conductivities at four scales in the following order: 
Moisture transport
The presented model makes no difference between water and water vapour in terms of mass. The governing equations for transport per unit volume reads 
where h ∇ is a gradient of relative humidity 
Moisture consumption due to hydration
where c stands for the mass of cement in 1m 3 of concrete.
Moisture capacity
A simple constitutive law based on Kuenzel [10] is used to calculate moisture capacity of concrete, see Equation (15) . It has two material constants, namely the free water saturation 
The parameter b can be determined from the water content 80 w at relative humidity 0.8 h = 
The moisture capacity -3 , kgm C ⎡ ⎤ ⎣ ⎦ is calculated as a derivative of moisture content
Although the model is fairly, it provides reasonable accuracy.
Moisture diffusion
Moisture diffusion is calculated as the sum of water diffusion D . The present model accounts for diffusivity mechanism of moisture transport. It is valid for a dense concrete, which has mutually unconnected pores hence the moisture conduction through pores (being driven by water pressure) can be neglected
The detail for the calculation of ,
⎦ are present elsewhere [7] .
Mechanical analysis
Mechanical analysis complements the presented hydro-thermal solution. The quasistatic formulation accounts for time related phenomena such as creep and shrinkage in hardening concrete. The presented model is suitable for solutions of reinforced concrete structures with large displacements and large rotations. The crucial feature of the developed model is to separate short-term and long-term material behaviour. The short-term model captures material response, such as concrete fracture, while the long-term model delivers concrete creep. Parameters for the short-time model are time adjusted, which is the job of the long-term material model. The coupling between heat/moisture analysis and mechanical analysis occurs via integration points. The meshes for both problems can be different and the data transition happens via isoparametric interpolation.
Long-term material model
Time effects on concrete behaviour in the long-term material model are incorporated via Stieltjes integral [11] ,
where ( ) t σ = stress in time t, dσ = stress increment, 0 ( ) t ε = material swelling/shrinkage at time t, (it accounts for shrinkage/expansion due to temperature change and autogenous shrinkage), ( , ') t t Φ = compliance function of concrete creep, t = time at observation and ' t = time at loading. [14] . It follows from the fact that SBS carries out temporal integration numerically.
Creep and shrinkage behaviour of concrete depends on current humidity and temperature conditions. Hence, before the static analysis we must carry out the moisture and humidity analysis and calculate temperature and humidity histories (at each material point of the structure). This concept corresponds to the staggered solution scheme. [14] . Each structural material point has its distinct temperature history and hence distinct creep prediction material parameters. However, as the differences between temperature histories (and thus in calculation e t ) of neighbouring material points are often small, it suffices to use only a couple of "master" or "average" temperature histories. The original material point history is then replaced by the closest master history. This approach significantly reduces number of required material parameters sets.
The short-term material model
The short-term material model accounts for all nonlinear behaviour due to crack developments, material hardening and softening etc. Its prediction heavily depends on current stress-strain conditions in each material point and possibly also on its history. The variable parameters, mainly Young's modulus, initial strains, compressive and tensile strengths etc. are at a particular time computed by the linear creep model described above.
The short-term concrete mechanical model follows the original theory in [15] 
Tensile behaviour of concrete is modelled by non-linear fracture mechanics with a simple Rankine-based criterion.
A smeared crack concept is adopted with the following parameters: tensile strength t f , shape of the stress-crack opening curve ( ) t f w and fracture energy F G . It is assumed that strains and stresses are converted into the material directions, which in a case of rotated crack model correspond to the principal stress directions, and in a case of a fixed crack model to the principal directions at the onset of cracking.
Therefore, t i
σ ′ identifies the trial stress and i t f ′ tensile strength in the material direction i . The prime symbol denotes quantities in the material directions. This approach is combined with the crack band method of Bažant and Oh [17] . In this formulation, the cracking strain is related to the element size. Consequently, the softening law in terms of strains for the smeared model is calculated for each element individually, while the crack-opening law is preserved. The model uses an exponential softening law of Hordijk [18] . The compressive behaviour is modelled using a plasticity-based model with failure surface defined by the three-parameter criterion form [19] 
In the above equations, ( , , ) ξ ρ θ are Heigh-Vestergaard coordinates, and c f and t f are compressive strength and tensile strength respectively. Parameter e ∈ 0 5 10 . , . defines the roundness of the failure surface. The surface evolves during the yielding/crushing process by the hardening/softening laws based on equivalent plastic strain defined as min( ) The presented model is aimed to calculate primarily reinforced concrete structures. In such particular case, two material laws are used; the above described model for adjacent concrete and a 1D model for reinforcement. The latter model can be any time-independent model, such a multilinear 1D model, elastoplastic model with hardening etc.
Validation
Validation of the coupled hydro-thermo-hydro-mechanical analysis is based on a well-documented ConCrack benchmark experiment RG8. For further information see http://www.concrack.org/. 18 teams had modelled the beam RG8 and their results were gathered by the organizer during a blind stage. In the next feedback stage, the teams received their experimental data with the simulations. Figure 2 shows the overall geometry of the beam RG8 with two massive heads on both sides and two restraining steel struts. The central beam part has dimensions 0.5x0.8x5.1 m and is reinforced. The benchmark experiment provides data on cement mineral composition, cement fineness, concrete composition, reinforcement, geometry, external temperature, internal temperature in three points, adiabatic concrete temperature and displacements of two points C,D located on the beam axis 2.5 m apart.
In order to succeed in the coupled simulation, hydration models had to be validated. Adiabatic experiment showed that CEMHYD3D hydration model predicts correct temperature rise, calibrating only the length of dormant period. The four-parametric affinity model has been calibrated afterwards [7] . Parameters of the affinity model are B 1 =1.8 h -1 , B 2 =1.0e-5, η=7.0, DoH ∞ = 0.90. Figure 4 demonstrates that both models approximated reasonably well experimental data, especially at younger ages. It reveals evident negative slope that documents energy loss in the adiabatic experiment. The same model was used for heat/moisture transport and mechanical parts. It is shown in Figure 3 . Note that the heads were reduced and the struts tied directly to the surfaces of the central beam. Figure 5 validates temperatures in the bottom sensor located 50 mm above the surface and in the core of the beam. After two days of hydration the expanded polystyrene was stripped off and the beam surface was exposed to ambient air temperature. The experimental temperatures are a bit higher, probably due to additional supply of solar energy which was ignored in the model. After approximately 4 days, the beam temperatures follow the ambient air fluctuations. The relative humidity drops to 0.88 uniformly in the cross section (without a validation data). Autogeneous shrinkage was calibrated from the measured data and does not play a significant role in this concrete with w/c=0.475. Actual humidity is passed to drying shrinkage function which follows the evolution given by B3 model [14] . For the sake of simplicity our model did not consider wings to which the struts are attached, see Figure 3 . This was done in order to avoid complexity with additional reinforcement and transverse pre-stressed tendons in the heads. The wings add to the compliance of struts, which is a sensitive factor in the model. Compliance of one strut is about 0.777 mm/MN. Considering wings at the time 0.6 day leads to Young's modulus of 5 GPa. When the wing is treated as a cantilever beam with the length of 0.5 m, the shear and bending compliance give 1.143 mm/MN. Therefore, the bracing effect of the struts and wings is maintained by reducing the cross-section area of the struts to 25%. Figure 6 demonstrates the effect of strut bracing. The measure points C,D are 2.5 m apart located on the beam axis. The stiffness reduction has effect up to 3 days of hydration. Afterwards, the displacement of points C,D is controlled by fluctuating temperature of ambient air, straining the struts. 
Conclusion
Te performance of presented chemo-thermo-hydro-mechanical model was demonstrated on a hydrating and restrained concrete beam. The whole computation took about 45 minutes on a regular PC. Boundary conditions are critical parts in early ages and temperature effects were found dominating material response under constrained kinematic conditions. Although the task may seem biased with dozens of parameters, default material properties worked reasonably well in the simulation. Further refinement is possible provided more experimental data are available for calibration.
